ABSTRACT. A 6-month-old miniature Schnauzer presented with hypernatremia and clinical signs of vomiting, diarrhea, inappetence, and lethargy. The dog did not consume water on its own. Hypernatremia and the related clinical signs were resolved by fluid administration. Endocrinological investigations and urinalysis excluded the possibility of diabetes insipidus and hyperaldosteronism. Therefore, the dog was diagnosed with hypodipsic hypernatremia. Magnetic resonance imaging revealed dysgenesis of the corpus callosum and other forebrain structures. On the basis of these findings, congenital brain malformation associated with failure of the osmoreceptor system was suspected.
, Emiko IWAMOTO 1) , Saori UMEKI 1) , Munekazu NAKAICHI 2) , Masaru OKUDA 1) and Takuya MIZUNO 1) * 1) Laboratories of Veterinary Internal Medicine and 2) Hypernatremia is uncommon in conscious animals that have free access to water [6] . If chronic and recurrent hypernatremia is identified in fully conscious animals that have access to water and do not have polyuria, the cause of hypernatremia is almost certainly the abnormal osmoregulation of antidiuretic hormone (ADH) release and/or hypodipsia resulting from hypothalamic lesions [1, 3, 4, 17] . Although hypodipsic hypernatremia has been documented as a congenital disorder of young miniature Schnauzers [5, 13, 20, 22, 23] , the magnetic resonance imaging (MRI) findings in miniature Schnauzers with hypodipsic hypernatremia have not yet been reported. This report describes a case of hypernatremia secondary to hypodipsia in a miniature Schnauzer and the MRI findings in this case.
A 6-month-old, female miniature Schnauzer was referred to Yamaguchi University Animal Medical Center because of a history of repeated episodes of elevated plasma sodium ion concentration, as determined using laboratory tests. The dog had a 1.5-month history of intermittent vomiting, diarrhea, inappetence, and lethargy. These clinical signs improved when balanced electrolyte solutions were administered intravenously or subcutaneously. The laboratory findings recorded by the referring veterinarian consisted of marked hypernatremia and hyperchloremia (Table 1) .
At the time of referral, the dog had a body weight of 3.6 kg and was small for its age and breed. Initial physical examination revealed that the capillary refilling time and visible mucous membranes were normal, and the dog was considered to be hydrated. , 138 mEq/l), increased alkaline phosphatase (601 IU/l), and mildly increased C-reactive protein (1.80 mg/dl) ( Table 1) . The calculated plasma osmolality was remarkably increased (344 mOsm/kg). The findings of thoracic and abdominal radiography and abdominal ultrasonography were unremarkable. Additional investigations were performed to determine the cause of hypernatremia (Table 1) . The plasma cortisol concentrations before and after the administration of adrenocorticotropic hormone (ACTH) were 0.82 and 14.24 g/dl, respectively. The blood aldosterone level was normal (148 pg/ml) and arginine vasopressin (AVP) level was appropriate (6.41 pg/ml). The dog did not exhibit polyuria, and the specific gravity of its urine was 1.030 (on day 54). On the basis of these results, hyperadrenocorticism, hyperaldosteronism, and diabetes insipidus were excluded from the diagnosis.
There were no behavioral abnormalities or any remarkable central nervous system (CNS) signs, except that toilet training was unsuccessful. Although the plasma sodium level was high, the dog did not attempt to drink water. At the time of referral, the owner was advised to mix the calculated daily water requirement for the dog with food. When the dog was reevaluated 1 week later (day 54), the plasma sodium level had decreased to within normal limits (Table  1) . On the basis of these findings, it was suspected that the dog had primary hypodipsia, which resulted in secondary hypernatremia. Therefore, cerebral MRI was performed for further investigation.
The cerebral MRI revealed malformation of the forebrain. The brain was evaluated by MRI with a 0.4 tesla MRI system (Aperto Inspire, Hitachi Medico, Japan ) set at the repetition time (TR)/echo time (TE) =360/13 milliseconds in a T1-weighted scan and TR/TE= 5000/100 milliseconds in a T2-weighted scan with 6-mm-thick slices. The findings of T1-weighted scans were suggestive of dysgenesis of the corpus callosum (Figs. 1-3), and transverse and sagittal scans revealed the absence of the septum pellucidum and the fornix that separate the right and left lateral ventricles and form the dorsal wall of the third ventricle ( Figs. 1 and 2 ). Transverse scans at the level of the diencephalon revealed incomplete separation of the right and left lateral ventricles and the third ventricle, thus leading to the formation of a single fused ventricle (Fig. 2) . Sagittal scans at the midline revealed the absence of the genu and the body of the corpus callosum (Fig.  1 ). The septal area was squared off at the level of the interthalamic adhesion, as revealed on dorsal scans (Fig. 3) . Narrowed cerebral sulci were observed in the sagittal and transverse sections (Figs. 1B and 2B) ; however, no other obvious lesions were identified on the external surface of the brain. Hyperintense signal identified in posterior lobe of pituitary grand in T1-weighed sections was suggestive of normal AVP secretion (Figs. 1A and C) . These findings suggested the presence of congenital forebrain malformations. The owner was instructed to continue to supplement the dog's food with water and to have the dog's plasma sodium level checked by the referring veterinarian at least every few months. Follow-up MRI was performed at 1 and 2 years following the first referral; at both follow-up examinations, the dog was in apparent good health with a controlled fluid intake. The degree of malformation of the forebrain structures remained the same, although the cerebral sulci were more developed (Figs. 1D and 2D ). Up to the age of 3 years, the dog has been clinically healthy without any clinical signs of hypernatremia.
Hypernatremia is caused by pure water loss, hypotonic fluid loss, and excessive gain of sodium [6, 10] . Pure water loss results in relative preservation of extracellular fluid volume, thereby leading to normovolemic hypernatremia. Normovolemic hypernatremia is relatively uncommon in small animals and is usually the result of hypodipsia or diabetes insipidus [11] . Hypodipsic hypernatremia is characterized by chronic and recurrent episodes of severe hypernatremia associated with lack of thirst. Osmoreceptors in the hypothalamus are responsible for the recognition of thirst and AVP secretion [1, 3, 4, 17] . If chronic and recurrent hypernatremia is identified in fully conscious animals that have access to water and do not have polyuria, the cause of hypernatremia is usually hypodipsia and/or abnormal osmoregulation of antidiuretic hormone (ADH) release resulting from hypothalamic lesions. Most of the signs of hypernatremia originate in the central nervous system. The clinical manifestations of hypernatremia in dogs and cats include anorexia, seizures, coma, and death [6, 10] . These signs are observed when the serum sodium concentration exceeds 170 mEq/l [6, 11] .
In this case, the dog was considered to be hypodipsic because it did not drink water on its own, despite having severe hypernatremia. The dog did not have polyuria, and its AVP secretion was appropriate. Therefore, the dog was diagnosed with hypodipsic hypernatremia. Furthermore, malformations of the midline forebrain structures, including dysgenesis of the corpus callosum and absence of the septum pellucidum and fornix, were identified using MRI scans.
Congenital hypodipsic hypernatremia has been reported previously in at least 10 young dogs (Table 2 ). Miniature Schnauzers apparently show a high prevalence of congenital hypodipsic hypernatremia (5 of 10 dogs) [5, 13, 20, 22, 23] .
Other breeds in which this condition has been reported include great Dane, Dalmatian, mixed breed, Cairn terrier, and Staffordshire bull terrier [2, 7, 12, 14] . The common features observed in all these dogs include hypodipsia, persistent hypernatremia, intermittent lethargy, and intermittent anorexia. Autopsy reports, computed tomography, or MRI findings have been reported for 8 of these dogs. One dog had astrocytosis and neuronal degeneration in the thalamus and hypothalamus but did not have any gross anatomical abnormalities [5] ; another had no anatomical and histological abnormalities of the brain [12] . In contrast, the other 6 dogs exhibited gross abnormalities in the forebrain [2, 7, 14, 20, 23] . Interestingly, 5 of the 8 dogs had dysgenesis of the corpus callosum and other midline forebrain structures, similar to the findings in our case [2, 14, 20, 23] . In human beings, hypodipsic hypernatremia has been associated with a variety of intracranial pathologies, mostly in or around the hypothalamus where the osmoreceptors are located [17] . Some cases of hypodipsic hypernatremia associated with congenital defects of the corpus callosum have also been reported [15, 16, 18, 21] . However, little is known about the relationship between the abnormal development of the corpus callosum and the dysfunction of osmoregulation, probably because of the low prevalence of these conditions. Disorders of the corpus callosum are also observed in association with major malformations of the embryonic forebrain prior to formation of the anlage of the corpus callosum, for example, holoprosencephaly (HPE) [19] . HPE is characterized by a failure of differentiation and separation of the prosencephalon [9] . It is commonly categorized into alobar, semilobar, and lobar types on the basis of the severity of brain malformation [8, 9] . Lobar HPE is the mildest form of HPE. The anatomical characteristics of lobar HPE in humans are as follows: (i) fully developed cerebral lobes, (ii) distinct interhemispheric division, (iii) midline continuous frontal neocortex, (iv) absent or hypoplastic corpus callosum, and (v) separation of deep gray nuclei [8] . These characteristics are consistent with the findings in 3 reported cases (Table 2 ) [14, 20] . One of them is the case of a young miniature Schnauzer that had some features in common with our case [20] . Forebrain midline malformation, especially that in the neocortex, in the dog in the present study was milder than that in the dog with lobar HPE. However, both dogs exhibited dysgenesis of the corpus callosum and lack of ventricular septum structures. Presumably, the malformations observed in this case were associated with the failure of the osmoreceptor system, either due to the absence of osmoreceptors or their failure to develop appropriate neural connections. Hypernatremia has been well controlled in this dog for over 2.5 years with water-supplemented food. In some previously reported cases, hypernatremia was controlled with fluid administration [13, 14, 20, 23] , while in a few cases, hypernatremia was uncontrollable [12] . This might be due to the difference in the severity of the impairment of the osmoregulation system. However, previous studies have not reported any correlation between the severity of brain malformation and the function of the osmoregulation system. If the animals respond to fluid administration and do not have any other complications, they can be expected to have an excellent quality of life and long survival. In summary, we described a case of hypernatremia secondary to hypodipsia in a young miniature Schnauzer. MRI revealed dysgenesis of the corpus callosum and other forebrain structures; these malformations might be associated with failure of the osmoreceptor system. However, the relation between the brain malformations and the failure of the osmoreceptor system was unknown.
